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Jennifer,

You had asked me to explain my concern with flare rainout that has happened at least twice now at
the Limetree refinery since February 2021 and as recently as yesterday. In the paragraph below
please find my assessment of the hazards and risks of flare rainout and how it can be avoided
through proper design and operation. To the best of my professional knowledge, experience and
expertise in this technical area, the below information is accurate.

Emissions of oil droplets from a flare is called “flare rainout.” Flare rainout can create both
environmental and physical safety hazards. Oil contamination of soil and water bodies creates
environmental and public_health_hazards. Flare rainout can also result in physical and safety hazards
such as “flaming rain” where the oil droplets ignite as they pass through the flare flame and rain
down while on fire in the refinery and nearby neighborhoods, creating sources of ignition for vapors
in the refinery and igniting combustible materials and starting fires inside the refinery

and in adjacent neighborhoods. Because of these concerns, flare systems are designed with process
vessels called “knockout drums.” Knockout drums are vessels whose function is to remove or
“knockout” liquid droplets from the gas sent to flare. Knockout drums are sized for expected
maximum load of liquid droplets. When that capacity is exceeded, the liquid droplets pass through
the knockout drum and can cause flare rainout and flaming rain.

| have attached two references that | consulted in developing this response.
Patrick Foley

Senior Environmental Engineer
Air Enforcement Division


mailto:Foley.Patrick@epa.gov
mailto:pierce.jennifer@epa.gov
mailto:Froikin.Sara@epa.gov
mailto:Spina.Providence@epa.gov
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Flare disposal systems have been involved in a number of major accidents — the most notable incidents in the UK
include two fatalities at BP Oil Refinery Grangemouth in 1987, and the explosion and fires at the Texaco Refinery,
Milford Haven in 1994. There are numerous additional examples world-wide such as in Mexico, in 1984, where
around 500 people were killed in the PEMEX Mexico City disaster when the site ground flare was the ignition
source for a released vapour cloud.

This paper examines the hazards which lurk in flare systems downstream of the initial relief and blow down valves.
Many of these hazards lie beyond plant battery limits and are often not the immediate focus of attention for plant
operations & maintenance personnel.

Ten unifying hazards will be identified through examination of case studies of major accidents involving flare
systems. A number of minor accidents and incidents will also be covered, where the potential existed for escalation
into major accidents, as experience has shown these to be more frequent events. The hazards identified from these
case studies apply across a range of industries (onshore and offshore) and are common to more than one type of
flare.

In addition to presenting ten key hazard categories for flare systems, this paper will illustrate through the use of
simplified bow tie diagrams how these hazards may be initiated, prevented and mitigated.

Finally, a number of areas for further improvement in the Process Safety Management of flare disposal systems in
the offshore industry, the traditional onshore industries and the emerging onshore industries (e.g. shale gas
exploration) are suggested.

Some elements of this paper are based around IChemE’s two-day training course, “Managing the Hazards of Flare
Disposal Systems”, introduced in 2014 and for which the authors are currently Course Director & Course Presenter.

Keywords: pressure relief, safer plant operations, management of non-routine operations, hazard and risk,
inherent safety, lessons learned from incidents and near misses.

Introduction

Onshore and offshore flare systems and their components, pose a number of major accident hazards as well as minor hazards
which can and have led to significant losses in the Oil & Gas & Process Industries. Flare systems are present on a wide range
of assets and are now being installed in non-traditional industries, such as waste water treatment plants, distilleries, landfill
sites and on-shore shale gas exploration sites to minimise releases of unburned hydrocarbons to atmosphere. As such, the
effective Process Safety Management (PSM) of these hazards is of increasing relevance and importance to duty holders,
designers and regulators alike as well as community stakeholders.

The hazards which will be discussed in this paper include;

e  Hazards of liquid overfill & liquid slugging e  Hazards of heat and cold

e  Hazard of flame out e  Height & other hazards

e  Hazard of flaring toxic streams e Working on flare systems

e  Hazards of air ingress e  Hazards particular to offshore systems

e  Hazards of blocking the relief path e  Environmental hazards and consequences

The potential severity of such hazards is outlined in Table 1, which describes four flare system accidents involving fatalities
and/or multiple injuries.

The above hazards, the initiating events which can result in the hazards, and the preventative layers and mitigating layers
associated with these hazards, will be discussed further in this paper. Use will be made of bow-tie diagrams to illustrate these
aspects of flare system design and operation. Finally this paper will present some suggestions for further improving the
Process Safety Management of Flare Systems.
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Table 1. Selection of major accidents involving flare systems categorised by hazard

Hazard Accident Year Description Consequences
Location &
Country
Flaring Poza Rica, 1951 A flare stack connected to a sulphur 22 persons living off-site in the
toxic Mexico recovery unit at a natural gas processing vicinity of the facility were killed
streams facility developed a malfunction and by the toxic effects of the release
(Mannan., flamed out for over 20 minutes resulting and a further 320 were hospitalised
2005) in a toxic plume containing approx. 16% | for loss of smell, severe nausea,
v/v hydrogen sulphide in the unflared headache and unconsciousness.
vent stream drifting off-site in foggy and
calm conditions.
Working Refinery 1987 Flash fire formed and ignited followed by | 2 contract workers (fitter and
on flare Grangemouth, pool fire/jet fire following a sudden rigger) killed.
systems United release of hydrocarbon vapours and .
Kingdom liquids when removing a spacer from a 2 further workers suffered extensive
UK HSE flare line whilst replacing a cross-over burns.
(1 989) ' \{al\/_e — line was t_hought to be free of Company prosecuted and fined
liquids and at residual pressure. £250,000.
Liquid Pembrokeshire | 1994 Following a lightning strike a unit was Loss of containment and release of
overfill & | Refinery & being restarted and due to factors approx. 20 tonnes of hydrocarbon
liquid Cracking including, alarm flooding, the operations liquid and vapours. An initial
slugging Complex, personnel did not detect and prevent explosion resulted which then led to
Milford liquid overflow from the process to the further fires and explosions.
Haven, Wales flare knock out drum. The knock out ) o I mi
UK HSE drum in turn overfilled and a liquid slug | 28 ©n-Sité injuries (all minor).
(1997) ' caused a rupture at an eloow of a 30 inch | Damage and losses of $140 Million
flare header. (in 2013 prices).
Blocking | Petrochemical | 2001 Trapped pressure in a dump tank, which 3 maintenance workers killed by
the relief | Plant, vented to flare, was not detected on effects of the blast and subsequent
path Augusta, USA account of vent lines and pressure fires.
indicator sense line filling up with molten
(US CSB, polymer which then solidified with the
2002) result that when the dump tank cover was
removed to empty the vessel of solids that
it blew off with explosive force.

Flare System Types & Components

There are a variety of types of flare available, with selection usually determined by a number of factors including process
requirements, location, safety & environmental considerations, and economics. These flare types can be split into elevated
flares, where the flare tip (or tips) is raised a significant height above ground level, and ground flares where the flare tips are
at or near ground level. Elevated flare designs can be single point or multipoint, high pressure or low pressure, and either
with assist gas to minimise smoky flaring or without assist gas. Where expedient, several flare lines may use the same
support structure. Ground flares can be sub-divided into closed designs, where the flare tips are enclosed in a refractory
shield, and open types, where the shielding is omitted.

On a typical flare system, a number of relief and/or blow-down lines are gathered in headers and routed to a liquid knock-out
drum, where gross hydrocarbon liquid and/or water are separated from the vapour stream and may be recovered. From this
knock-out drum, the vapour stream passes to a flare seal drum, which is partially filled and vapours bubble through a dip
pipe to maintain a positive pressure in the relief / blow-down headers and prevents any flashback from the flare tip in to the
upstream system. Downstream of the seal drum is the flare stack, which often includes a second flashback prevention
section (such as a molecular seal or a velocity seal) near the flare tip. Typically two flare purges are included; one set of
purges are located at the extremities of the relief /blow-down headers and a second, individual purge near the base of the
flare stack. These purges ensure that a positive pressure is maintained in the relief headers, and that there is sufficient
forward flow of material to prevent diffusion of air into the flare stack. One or more pilot flame is provided at the flare tip to
ensure combustion of any vented materials, with a suitable ignition system present (e.g. a flame front generator), and,
optionally, there may also be an alternative gas recovery system in place. Further information on typical flare system design
can be found in 1SO 23251 (2006). Figure 1 shows an image of an onshore elevated flare stack where the knock-out drum,
seal drum, flare stack, molecular seal and flare tip are all visible.
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Figure 1. A guy supported onshore elevated flare stack showing from L to R — flare knock out drum, integral seal drum,
flare stack and flare tip with a molecular seal (large diameter component) visible just below the flare tip.

Bow Tie Diagrams & Analysis

Bow Tie Analysis is a graphical method of reviewing a hazard event, be it a major accident hazard or a more minor hazard
which visually presents initiating events, prevention layers, hazard events, mitigating layers and outcomes/impacts on a
single diagram (Book, 2007).

It is described as a bowtie diagram as;

e  From a series of initiating events — preventative protection layers either prevent a hazardous scenario or lead
(narrow down) to a single hazard event.

e  The hazard event is a single event — e.g. loss of containment.

e  From the hazard event a series of differing outcomes may be realised depending on which, if any, mitigating
protection layers or outcomes are triggered.

The left hand side of the bow-tie diagram contains elements of a fault tree analysis (FTA) and the right hand side of the
diagram contains elements of an event tree analysis (ETA).

An example of a bow-tie diagram is given in Figure 2 for the flare system hazard of flame-out.

A bow-tie diagram presents a hazard in a holistic and intuitive manner whereby the user/ stakeholder can examine gaps in
their process safety management and identify means to improve one or more of the following;

e minimise the frequency of initiating events.
. maximise the reliability and effectiveness of preventative layers.
e maximise the reliability and effectiveness of mitigating layers.

In terms of preventative layers and mitigating layers — such defences may be considered to be active or passive. For
example, for flaring toxic streams;

e A passive mitigation layer would (if practicable) be to have sufficiently tall flare stack to ensure that in the event
of a worst case release no significant harm/hazard will be posed to on-site or off-site populations.

e  An active mitigation layer would be activation of the on-site and off-site toxic gas alarms.

The former, a passive protection layer will work in all scenarios without any further systems activating. The latter, an active
protection layer, is in general less robust than a passive layer, since a site with a toxic flare where harmful toxic
concentrations may exist at ground level from a flame out of the flare and that is reliant on toxic gas alarms has a definite
probability of one or more gas alarm failing to operate on demand, or that upon detecting a release there is a definite
probability of the toxic sirens failing to annunciate on demand.





SYMPOSIUM SERIES NO 160 HAZARDS 25 © 2015 IChemE

Bow-tie diagrams may be used to illustrate a hazard which in theory could occur in the future. Alternatively, a bow-tie
diagram may be used post an incident as part of the investigative process to better understand how a repeat of the incident
could be avoided. Figure 5 shows just such an application for the fires and explosions which occurred at the Pembrokeshire
Refinery and Cracking Complex, Milford Haven, Wales, 1994 (UK HSE, 1997).

It should be noted that each flare system is unique and based on this there is no such thing as a “one fits all” bow-tie diagram
which can be applied to all flare systems for each of the key flare system hazards. However, this can be addressed by
understanding or identifying all of the initiating events, preventative layers, mitigating layers and outcomes which may occur
for a particular flare stack or ground flare via techniques such as Hazard Identification (HAZID) or Hazard & Operability
Study (HAZOP). Where required using a technique such as Layers of Protection Analysis (LOPA) may be used to better
understand the relationship between certain initiating events and certain preventative layers . In this way a system specific
bow-tie diagram for a given flare system hazard can be developed.

It may be that in order to fully understand the hazards and risks associated with a particular flare system that several bow-tie
diagrams require to be developed — one for each hazard. For example, for a toxic flare system handling both liquids and
vapours a bow tie diagram may be merited for each the following hazards — liquid overfill, blockage of the relief path, flame
out leading to toxic release and finally prevention of air ingress.

Bow-tie diagrams are powerful and effective techniques to understand and then demonstrate effective Process Safety
Management of major accident hazards and management of their risks to levels as low as reasonably practicable (ALARP).
This is evidenced by the Authors’ knowledge of at least two major multi-national Oil and Gas Companies which use bow-tie
diagrams in each of their COMAH reports and Offshore Safety Cases to demonstrate effective Process Safety Management.

Hazards of liquid overfill & liquid slugging

Liquid overfill of flare vessels and liquid slugging in flare pipework can result in a number of hazardous events including —
liquid rain-out from the flare tip, loss of containment due to liquid hammer, overpressure of upstream vessels trying to
relieve into a partially blocked/liquid filled relief path, low temperature embrittlement and hydrocarbon release from the
flare system into site effluent system via the seal water system.

A wide range of initiating events can and have led to liquid overfill, but in essence the initiating events for this hazard can be
divided into two categories i) ingress of liquids from process equipment which relieves, vents or is blown down via the flare
system i) liquid accumulation in pockets, low points, dead-legs in flare laterals, sub-headers and main headers.

Prevention of the hazardous events listed above include the following prevention layers; effective level measurement and
alarms in the flare knock out drum(s); automatic pump out of knock out drums to storage/slops on high level and knock out
drums adequately sized for foreseeable events which provide operations personnel sufficient time to troubleshoot and
identify and isolate the source of liquid ingress to the flare system.

Should the prevention layers fail and liquid overfilling or slugging occur, a hazardous event such as loss of containment
occur, a number of mitigating layers may reduce the consequences to people, the environment or the commercial impact to
the duty holder, though these may be less effective than preventative layers. Mitigating layers against the consequences of
liquid overfill or liquid hammer include; siting of knock out drums at the edge of a plot or well away from other process
units, process design allowing in the worst case overflow into seal water drums, overflow from knock out drums into seal
water systems into sumps in preference to blocking the relief path as liquid accumulates up the flare stack.

One such incident where liquid overfill from the upstream process resulted in a loss of containment in the flare system is the
fires and explosions at Texaco Refinery, Milford Haven, 24 July 1994 (UK HSE, 1997). A simplified overview of this
incident, is illustrated in Figure 5, which summarises the accident path in terms of the protection layers present, how each
protection layer was defeated to result in the accident and the post-accident measures put in place to improve upon the
reliability and effectiveness of each protective layer.

Hazard of flame out

Flare systems are designed to bring the three components required for combustion — fuel, ignition source, and air — together
in a controlled manner. When one of these is lost a safe condition can very quickly become an unsafe condition — if a flare is
unlit or snuffed it becomes a high level or low level atmospheric vent. This can allow unburned hydrocarbons to form a
flammable hazard at ground level from a ground flare or on high structures in the vicinity of an elevated flare stack. Re-
ignition after a period of flame out can cause a flash fire at an elevated flare tip or for an enclosed ground flare a vapour
cloud explosion.
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Figure 2. Bow-tie diagram for a hypothetical flare system for the hazard of air ingress into a flare disposal system
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Flame out can be caused by a number mechanisms, including high winds, excessive assist steam flow, condensation of assist
steam, loss of pilot gas flow, pilot blockage or pilot control failure, high flow of inerts in flare gas, sudden flow of very cold
gas, water ingress, pilot gas composition changes, and local or site-wide power failure.

Flare system designs may include several features to prevent or to mitigate against flame out. The first is to ensure a
constant ignition source at the flare tip by means of multiple pilot burners, with automatic pilot gas back-up supply (e.g.
propane bottles) and automatic re-ignition (e.g. flame front generator set to auto). Pilot monitoring via infra-red detectors,
thermocouples, CCTV, or similar, as well as pilot gas pressure and flow measurement and alarms, allows early detection of
any issues. Monitoring only for a gross flame at the flare tip (e.g. through operator structured rounds) is not normally
sufficient for pilot monitoring, as loss of the pilot flame(s) can be temporarily masked if it occurs while material is being
flared.

The hazards of flame out can also be mitigated through the use of an elevated flare, where the height of the stack will allow
some dispersion of the vented material, and by locating the flare in an area distant from on-site and off-site populations.

Figure 3. Corroded elbow on a 30 inch diameter flare header which failed due to the impact of liquid hammer following a
flare knock-out drum overfill, Pembroke Refinery & Cracking Complex, 1994.

Figure 4. Fire at on plot flare knock out drum following loss of containment of flare header at Pembroke Refinery &
Cracking Complex, 1994.
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Hazard of flaring toxic streams

A wide range of processes in the Petrochemicals, Industrial Chemicals and Oil and Gas Industries are required to safely
combust relief streams high in toxic components which may otherwise pose a hazard to humans. These include processes
such as the de-sulphurisation of refinery streams, where hydrogen sulphide may require to be disposed of in sulphur recovery
units and in emergencies via toxic flare stacks.. Toxic streams flared in the downstream industries include those in
acrylonitrile manufacture, where both the product and one of the raw materials, hydrogen cyanide are toxic.

In general, flare systems handling toxic streams are elevated flare stacks to provide some vertical separation between the
source (flare tip) and receptors (on-site and off-site personnel). Preventing flame out, is essential for ensuring the safety of
such systems and in general the consequences of flame out. The main hazard which distinguishes a non-toxic flare from a
toxic flare. The acuteness of the hazard was most powerfully illustrated at Poza Rica, Mexico in 1951 (Mannan.S, 2005) as
described in Table 1, where a flame-out of a toxic flare caused 22 off-site fatalities.

The causes of flame out of a toxic flare stack are in general, the same set of causes for flame out for a flare stack handling
non-toxic materials. What may differ are the reliability and redundancy in the preventative layers (to ensure that a deviation
such as a single pilot being snuffed out does not escalate into a major incident) and some of the mitigating layers (to
minimise the effects on on-site and off-site populations of a toxic release from the flare tip).

Effective process design is often to provide upstream destruction or capture of the toxic material (e.g. incinerators or
absorbers) thereby reducing the fraction of time that the toxic flare has to cope with full demand (flow and concentration of
toxic contaminants). However, there may be rare occasions where no flare system can be designed to cope with the worst
foreseeable toxic load e.g. the runaway reactions which occurred at Bhopal (1984). For such systems, where a flare stack
cannot fully mitigate all scenarios, preventing such a toxic release in the first instance must be the basis of safety.

The two key pillars of effective control of toxic releases from flare systems in normal operation are;

e  Prevention of events which could snuff all pilots/ignitors (e.g.. liquid slug reaching flare type, quenching pilots
with wet flare tip steam)

e  High reliability ignition/re-ignition systems (which may require multiple redundant systems to be in place).

In terms of the latter measure, it is interesting to note that in the Canadian State of Alberta, it is a regulatory requirement that
toxic flares where greater than 1% hydrogen sulphide are flared be fitted with electronic sparking ignition systems or
automatically reigniting pilots. In other words manual re-ignition systems are not sufficient. Electronic spark ignition
systems generate a spark at the flare tip every 30-45 seconds and in this way can minimise the duration which a toxic flare
stream is vented unburned.

Hazards of air ingress

As highlighted above, the design of flare systems is intended to produce combustion in a controlled manner at the flare tip.
Air ingress into a flare system risks may bring the three elements required for fire together in an uncontrolled manner and at
an undesired location. Ignition in a confined space such as an elevated flare stack, or after a delay where fuel and air have
time to mix, may result in a deflagration or detonation. A number of incidents have been recorded due to air ingress into
flare systems (Crawley, 1993), (Fishwick, 1998), (IChemE,2005).

Air ingress may be caused by venting of equipment into the flare system that contains high quantities of air, loss of flare
purge gas, leakage from the atmosphere, chemical reactions in process equipment that generate oxygen, failure to purge the
flare system following intrusive maintenance, air ingress due to live work on flare systems, and air drawn into the system via
the flare tip due to sudden cooling and condensation of vapours, or vacuum formed by equipment connected to the flare.

A number of design features are included in flare systems to prevent air ingress. This includes the use of end-of-header
purges and partially liquid filled flare seal drum to maintain the flare header network at a positive pressure above
atmospheric pressure. The liquid seal in the seal drum also acts as a flash arrestor, should an ignition occur in the
downstream flare stack. Elevated flare stacks are at particular risk of air ingress, where their height and semi-open nature
can result in air being drawn in against design intent. A second gas purge is therefore often included at the base of the flare
stack, usually in conjunction with a “flashback prevention section” consisting of either a velocity seal or molecular seal to
minimise the required purge gas rate. It is noted that flame / detonation arrestors are not recommended for use in flare
systems due to the risk of fouling and blockage (AP1537, 2003).

Hazards of Blocking the Relief Path

History has shown a large number of incidents involving blockage or partial restriction of flare systems due to either a valve
closing on a flare system, blockage due to ice (freezing) in a part of the flare system, or blockage due to solids build up.
Beyond ice and solids causes for blockage of the relief path in flare systems have included; manual valve closed in error,
automated valve closed in error and manual valve failing to danger. Blockage of flare systems, by whatever cause, poses a
significant hazard as flare systems are generally systems rated for relatively low pressures (e.g. 1-6 barg), whereas the
processes they protect may contain pressures significantly higher (e.g. 20-200 barg). Thus failure to manage existing HP: LP
interfaces correctly and blockage in a flare system can lead to a loss of containment with potential for fires and explosions.
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Figure 5. Extract of a bowtie diagram for hazards of liquid overfill for fires & explosions, Milford Haven, 1994





SYMPOSIUM SERIES NO 160 HAZARDS 25 © 2015 IChemE

There are a wide range of preventative layers of protection available against such a wide range of initiating events, and
generally these are specific to each type of initiating event. However, in terms of mitigating layers of protection there is
greater commonality. Suitable mitigation measures are limited but include — high pressure detection and alarming and the
use of emergency instructions and operator desktop or field emergency response exercises. As mitigations measures in the
event of blockage of the relief path are not particularly effective it is imperative that the risk of initiating events which could
lead to blockage are minimised and that preventative measures are robust and effective.

Hazards of heat and cold

All flares by their nature generate large quantities of radiant heat as part of the combustion process, which can be a hazard to
both plant and personnel. This hazard is primarily controlled by proper separation of the flare system during the design
process, however there are some aspects that must be managed operationally and by effective maintenance / inspection.

For an elevated flare the maximum thermal radiation in worst environmental conditions at peak flaring rates from the flare
flame generally determines the flare stack height, noting that wind effects can cause the flare flame to tilt resulting in
increased radiation at ground level. Maximum radiant heat may also determine the required horizontal separation between
an elevated flare or ground flare and adjacent process / work areas. This usually results in a radius around the elevated flare
stack, known as the flare sterilisation area, where access is restricted. Enclosed ground flares may not require as large a
sterilisation area as an equivalent elevated flare if the flame is maintained within the refractive shield. Proprietary software
tools are available to model radiant heat from flares under varying weather conditions.

1SO23251 provides indicative threat from various levels of radiant heat — this indicates that 1.58kW/m? is a suitable
maximum safe continuous exposure level for personnel. Similarly equipment can be sensitive to the high radiant heat levels
from operating flares, and the authors are aware of at least one example where the failure to re-fit heat shielding following an
asset maintenance shutdown resulted in failure of a hydraulic system.

In addition to the radiant heat hazards, flare systems can also be required to deal with very low process temperatures (e.g.
due to Joule-Thomson cooling when venting high pressure inventories or auto-refrigeration of two phase liquids).
Overcooling within flare systems has been the cause of several incidents e.g. (Kuo, 1994), due to embrittlement and failure
of metal components. This highlights the need for rigorous process and mechanical design to ensure that all equipment is
suitably selected for the lowest possible temperatures in abnormal operations or upset conditions.

Height & Other Hazards

Other hazards associated with flare systems include working at height. This can be an issue during maintenance at plant
outages when activities such as accessing the flare tip and greasing guy wires may be required. A second hazard may result
from the use of steam as assist gas in elevated flares where the presence of condensate and the prevention of condensate
hammer must be carefully controlled by effective steam trap design, location and operation.

Working on Flare Systems

Working on or near flare systems has historically been the cause of a number of incidents. Personnel are drawn to a normally
remote area to conduct the work, which may only be carried out at long intervals (e.g. asset turnaround cycles), and it is not
always possible to take the full flare system off-line or positively isolate to complete the works.

Some of the main hazards of working on flare systems include the risk of introducing air into the flare system, risk of
hydrocarbon or other toxic releases, thermal radiation when in close proximity to flare stack, and lifting over or near live
flare lines (dropped object risk). Other more specialist techniques may also be applied, for example hot tapping of live flare
systems to provide pipework modifications (e.g. new header tie-ins, or replacement of corroded sections of header).

Live work on flare systems can include very substantial scopes. One example from a petrochemical plant in India details the
full refurbishment of a heavily corroded derrick mounted elevated flare largely while the flare itself was in use (Singh,
2011). Multiple mitigations were put in place, including the use of thermal shielding, provision of water curtains, and cranes
for emergency egress. In this case, though the work was successfully completed, the authors would caution that the work
practices adopted in this example may not meet appropriate risk criteria in all regions.

To illustrate the risks of working on live flare systems, it is worth considering an incident that occurred at the refinery at
Grangemouth, Scotland, in 1987. During the removal of a valve for maintenance there was a very large release of volatile
liquid hydrocarbons and subsequent fire that resulted in the deaths of two workers, and serious injury to two more. This was
caused by the release of a large trapped inventory of liquid in the system, which was not detected prior to breaking
containment due in part to blockage of key drain test points with scale and debris. An investigation into the incident (UK
HSE, 1989) found failings in design of the flare system, in the risk assessment of the activity, in the checks carried out prior
to work commencing, in the means of access and egress provided at the work site, in the control of ignition sources, and on
procedures for working around pyrophoric scale. Ultimately in this case the hazards of working on the flare system were
underestimated to tragic consequences.
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Hazards Particular to Offshore Systems

All of the hazards listed above (liquid overfill, blockage/freezing, flame-out, air ingress, low temperature embrittlement,
radiant heat and flaring toxic materials) may apply to flare systems used in offshore oil and gas installations. However, flare
systems on these fixed and floating installations off-shore often pose additional hazards unique to the environment or are
themselves at greater risk from adjacent hazards.

Offshore flare stacks may be at risk of collision with either ships (for horizontal booms) or helicopters which must work and
manoeuvre in close proximity to the installation. They are located many miles off-shore in areas where higher wind loading
can affect structures and in maritime environments where equipment is subjected to greater rates of corrosion than on-shore.
In such environments, corroded equipment dropping from the flare tip or flare derrick can be an issue.

Existing hazards are further compounded by limitations such as limited space for physical segregation (vertically or
horizontally) of hazardous inventories and manned locations from the flare tip and, siting of equipment such as flare knock
out drums adjacent to or in close proximity to flammable inventories. This means there is less segregation in order to address
factors such as noise, atmospheric dispersion, light and thermal radiation. The use of standalone flare structures, though
costly may prove a solution when dealing with high flare duties and or toxic flare streams offshore.

A number of codes and standards apply such as CAP437 (Civil Aviation Authority, 2013) which gives guidance on flare
stack location and advises on marking (painting) and lighting the structures to maximise the chance that helicopter pilots will
spot the flare stack in all conditions. CAP437 also gives guidance on maximum heat rise ( +2°C) which can be tolerated at
the helideck before loss of lift for an incoming or outgoing helicopter becomes a risk. Similarly a limit of 10% of the lower
flammable limit (LFL) of materials being flared is recommended as the maximum tolerable for an area where a helicopter
may fly through as higher concentrations may cause surging of the engines with a risk of engine flame out.

Fatal accidents have occurred with flare stacks off-shore (Vinnem, 2007) such as on the Ekofisk Platform in the Norwegian
Sector of the North Sea when 3 person on board were killed after their helicopter which was lifting equipment as part of
construction activities on the stand-alone flare tower, hit the flare structure .

Many incidents (over 250) involving off-shore flare systems can be found in UK Health & Safety Executive reports RR566 ,
(UK HSE, 2005) and RR567 (UK HSE, 2005).

Environmental Hazards and Consequences

Flare systems are responsible for a range of impacts that can cause both direct environmental hazards and reputational
damage to the flare system operators. These impacts include the visual, light, and noise impact of the flares themselves,
offsite effects of radiant heat, odour issues, effects on bird life, and the short and long term effects of the release of both
combustion products and those due to incomplete combustion.

Regular flaring activities can cause significant distress to the public, due to either the long term nuisance effects or a
perception that the released materials may be hazardous. Effective communication can help to ease public concerns in many
instances.

Equally flare systems are subject to a range of threats to their operation from the natural environment, and must be able to
remain operational when subject to high winds (flame out / structural failure), heavy rainfall (flame out / vacuum / loss of
flare purge), lightning strike (mechanical damage), or bird strike (blockage / falling burning objects).

Onshore, flare system environmental performance has previously been covered by the BREF documents (Best Available
Techniques Reference), where it has been recognised that flares are safety devices (rather than abatement devices). However
it is recognised that flares can be significant sources of CO, CO,, NOx, SOx, particulates and VOCs, and that minimising the
use of flares (e.g. by minimising venting during start-up and shutdown) is regarded as “BAT (Best Available Techniques)”.
Due to the introduction of recent European Union legislation, these BREF documents are expected to become regarded as
legally binding in member states.

Offshore flare consents in the UK Continental Shelf are managed by the Department of Energy and Climate Change
(DECC). These are typically granted for 3 years, and DECC are committed to reducing and minimising flare emissions
where possible by encouraging operators to adopt best practice (e.g. use of associated gas for platform / facility fuel gas).

Further Improving the Management of Flare System Hazards

Effective management of flare systems involves a knowledge of the hazards outlined above, minimising the hazards through
effective process design and day in day out, year in year out management of these hazards by Operations & Maintenance
Personnel. However, the Authors wish to make a number of observations for areas in which they believe safety management
of flare systems can be further improved,;

Onshore Flare Systems (traditional industries) — The Authors consider that flare systems can and have had the potential
to result in major accidents but recognise that the inclusion of a flare system accident in the representative set of major
accident scenarios may be difficult or impracticable, given the wide range of hazards on such systems and wide range of
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outcomes. The authors advocate a different approach to “upping the game” on control of flare system hazards on COMAH
top-tier sites, which include the following;

- Arequirement to demonstrate in COMAH reports, the effective process safety management of the site flare
disposal systems and their hazards using text, tables and bow-tie diagrams as appropriate.

- Describing the leading process safety performance indicators (PSPIs) defined for the flare system and summarising
at each COMAMH report update (ca. 5 yearly) the findings from monitoring and managing these PSPIs in the
previous 5 year period and, where necessary, remedial actions taken.

- Regulators e.g. in UK onshore sectors, focusing a particular COMAH inspection theme of “flare disposal systems”
on applicable sites as part of the five yearly inspection and assessment plan.

Onshore Flare Systems (emerging industries) — Emerging industries new to the UK or in industries where flare systems
have only recently been installed include Shale Gas & Shale Oil Exploration Landfill, Waste Water Treatment Plants &
Distilleries. Application of the above principles and tight regulatory control before and after flare system installation should
ensure good management of the hazards. The Authors are aware that a permissioning regime exists for onshore shale
exploration based on the DCR regulations (The Offshore Installations and Wells (Design and Construction, etc.) Regulations
1996) , which sets out the requirements for effective well design and blow out prevention and that the UK HSE has powers
under the Health & Safety at Work etc. Act (1974) to inspect & monitor such sites. However there does not appear to be a
permissioning regime in the sense of controlling the top-sides hazards of such onshore shale gas exploration sites. Such a
regime, if equivalent to the Pipeline Safety Regulations 1996, would require that duty holders develop a Major Accident
Prevention Document (MAPD). Such a MAPD would require upfront hazard identification, risk assessment and
consequence assessment and then a written out explanation of how hazards such as flare lame out and thermal radiation at
the site perimeter fence are designed for and controlled through effective operation.

The Authors consider that an onshore exploration well capable of flaring in excess of 10 tonne per hour of hydrocarbons has
the potential to result in a major accident and contains hazards broadly equivalent to many lower tier COMAH installations.
Onshore shale gas exploration sites may be relatively close to populated areas or areas where the general public may access
and it is noted that a number of early shale gas exploration sites have sited ground flares in the close vicinity of the site
perimeter fence.

As such, the authors believe there is merit in legislators and stakeholders considering the impact and merits/demerits of
having such systems covered by permissioning legislation broadly in line with duties set out for duty holders of major
accident hazard pipelines.

Offshore Flare Systems - Offshore installations in the UKCS require under the (Safety Case Regulations Offshore
Installations (Safety Case) Regulations 2005), The Design and Construction Regulations and the PFEER regulations
(Offshore Installations (Prevention of Fire and Explosion, and Emergency Response) Regulations 1995) to identify safety
critical elements (SCEs) and then develop a set of performance standards (PS) for each SCE. The Authors have observed
from a wide set of UKCS Duty Holders that flare systems (and cold vents) are generally not listed as specific Safety Critical
Elements but may rather be classified under SCEs such as “hydrocarbon containment systems”. In the Authors’ experience
in the few occasions encountered where flare systems are classified as safety critical elements there is relatively little
description or content in the performance standards. The Authors contend that were each offshore installation with a flare
system to have a well written performance standard for the flare system(s), that the control of accident hazards from these
systems would be even more closely managed and that this would aid operators in the performance monitoring of key
elements of these system s (e.g. condition of pilots, slops pump away systems etc.). In turn, this may more rapidly and
consistently trigger conducting operational risk assessments (ORAs) when one or more critical element of a flare system
develops a fault to determine whether or not continued operation can be justified and , if so, with what safeguards.

Summary

This paper has presented ten hazards widely encountered in flare systems in the on-shore and off-shore industries and in
traditional and non-traditional industries. The paper has demonstrated through the description of a number of major accidents
involving flare systems, the potential for flare systems to cause serious levels of harm to people and the environment and
lead to large commercial losses.

Bow-tie diagrams are suggested as a visual and effective means of qualitatively reviewing and analysing the hazards and
process safety management of existing flare systems. Similarly, such an approach can be applied up front to new flare
systems during their initial design.

Lastly, this paper suggests one means to further advance and enhance the process safety management of flare disposal
systems in each of three major areas where such systems are deployed — onshore (traditional industries), onshore (emerging
industries) and offshore.
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INTRODUCTION
SCOPE

The primary function of a flare is to use combustion to convert flammable, toxic, or
corrosive vapors to less objectionable compounds. Selection of the type of flare and the
special design features required are influenced by several factors such as, including the
availability of space; the characteristics of the flare gas, namely, composition, quantity
and pressure level; economics, including both the initial investment and operating costs;
and public relations.

Public relations can be a factor if the flare can be seen or heard from residential areas
or navigable waterways. Other topographic considerations include elevations of land
and neighboring land, elevations of equipment (especially where personnel might need
to be present), and proximity to utility and electrical systems (e.g. electric lines or control
wire runs). The designer needs to know these and other factors in the determination of
noise, thermal radiation, liquid carryover and vapor dispersion. For example, a flare near a
hill or in a valley can be influenced by wind direction and downward turbulence.

The flare provides a means of safe disposal of the vapor streams from its facilities,with
burning them under controlled conditions such that the adjacent equipment or personnel
are not exposed to hazards, and at the same time obeying the environmental regulation
of pollution control and public relations requirements.

The Knock out drum is a vessel in the flare header designed to remove & accumulate
condensed and entrained liquids from the relief gases. Knockout drums are one of the
main components in pressure-relief systems in industries. Pressure-relief systems in
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refineries are used to control vapors and liquids that are released by pressure relieving
devices and blowdowns.

GENERAL DESIGN CONSIDERATION
A. What s Flaring ?

Many industries generate significant amounts of waste streams, such as
hydrocarbon vapor, which must be disposed of, a continuos or intermittent basis.
Some of the examples can be like off-spec product or the bypass streams
generated during start - up operations. Direct discharge of waste gas streams and
vapors into the atmosphere is unacceptable due to safety and enviromental control
considerations.

Gas flaring is a standard operation aimed at converting flammable, toxic, and
corrosive vapor to less objectionable compunds by means of combustion. Flaring
is a critical operation in many plants where design must be based on strict safety
principles.

B. Why is Flaring required ?

In general proper planning and layout of process plants require that special
consideration be given to the design of various safety facilities to prevent
catastrophic equipment failure. These facilities are designed to prevent
overpressure and to provide for safe disposal of discharged vapors and liquid.
Portions of these facilities are also used as an operational tool for safe disposal of
hydrocarbons — particulary during start — up and shutdwon phases.
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Standard pressure relieving devices most often used are safety and relief valves,
ruptur disks, pressure control valves and blowdowon valves. Direct discharge of
waste or excess vapor to atmosphere is unacceptable either.

1. Because of restrictions imposed by local ordinaces or plant practices.

2. Concentrations of the contaminants at ground or adjacent platform levels may
exceed permissible explosion or toxicological thershold limits.

3. Meteorogical considerations such as severe temperature inversions of long
duration may occur, creating hazardous conditions.

Types of Flare

There are basically two types of flare system namely Elevated Flares and Ground
Flares.Selection of the type of flare is influenced by several factors, such as availability
of space; the characteristics of the flare gas (composition, quantity and pressure);
economics; investment and operating costs; public relations and regulation.

|) Elevated Flare

Elevated flare (refer Figure 1) is the most commonly used type in refineries and
chemical plants. They have larger capacities than ground flares. The waste gas stream
is fed through a stack from 32 ft to over 320 ft tall and is combusted at the tip of the
stack.

The elevated flare, can be steam assisted, air assisted or non-assisted. The elevated
flare can utilize steam injection / air injection to made smokeless burning and with low
luminosity up to about 20%+ of maximum flaring load. The disadvantage of steam
injection / air injection is it introduces a source of noise and may cause noise pollution.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
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If adequately elevated, this type of flare has the best dispersion characteristics for
malodorous and toxic combustion products. Capital costs are relatively high, and an
appreciable plant area may be rendered unavailable for plant equipment, because of
radiant heat considerations.
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Figure : 1 Elevated Flare
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II) Ground Flare

A ground flare is where the combustion takes place at ground level. It varies in
complexity, and may consist either of conventional flare burners discharging horizontally
with no enclosure or of multiple burners in refractory-lined steel enclosures. The type,
which has been used almost exclusively, is the multijet flare (enclosed type).

The difference with an elevated flare, the ground flare can achieve smokeless operation
as well, but basically there is no noise or luminosity problem, provided the design gas
rate to the flare is not exceeded. However, it have poor dispersion of combustion
product because its stack is near to ground, this may result in severe air pollution or
hazard if the combustion products are toxic or in the event of flame-out. Capital,
operating and maintenance requirements cost are higher.

Because of poor dispersion, multijet flare is suitable for "clean burning" gases when
noise and visual pollution factors are critical. Generally, it is not practical to install
multijet flares large enough to burn the maximum release load, because the usual
arrangement of multi jet flare system is a combination with an elevated over-capacity
flare.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Figure 2 : Typical Ground Flare

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will

greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Flare System
Typical flare system are :

i) Gas collection header and piping for collecting gases from processing
units,

ii) A knockout drum to remove and store condensable and entrained liquids,

iii) A proprietary seal, water seal, or purge gas supply to prevent flash-back

iv) A single or multiple burner unit and a flare stack,

V) Gas pilots and an igniter to ignite the mixture of waste gas and air and

Vi) A provision for external momentum force (steam injection or forced air) for
smokeless flaring.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Figure 3 : Representation of a flare gas recovery unit integrated with an existing
flare system.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Design Factors

Is very important for the flare designer to understand several factors which can affect
his flaring system design, the major factors influencing flare system design are:

l) Flow Rate

How flow rate will affect the design of flare system? Normally the designer of the flare
system will follow exactly the flow data provided, therefore overstated of the flows will
lead to oversized of flare equipment which lead to more expensive capital and operating
costs and can lead to short service life as well. Understated the flow can result in a
design of an unsafe system.

Flow rate obviously affects the mechanical size of flare equipment, increased flow will
results increase of thermal radiation from an elevated flare flame, which have direct
impact on the height and location of a flare stack.

II) Gas composition

The combustion gas products are depend on the feed gas composition, by studying the
feed gas composition the potential combustion product can be determined and burning
characteristic can be identified. It enables the design company to shown the weight ratio
of hydrogen to carbon in gas which indicates the smoking tendency of the gas. Some
gas, such as hydrogen sulfide will need special design for metallurgies, therefore detail
of the feed gas compositions to design the flare system is very important and should be
determined accurately.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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lIl) Gas Temperature

Gas temperature has direct impact on thermal expansion, gas volume and metallurgical
requirements for pipe & vessels. Beside this the more important impact of gas
temperature to flare design is the potential of substance / components of the gas to
condense, because condensation or two-phase flow will cause a greater smoking
tendency and/or the possibility of a burning liquid rain. This can be solved by adding a
liquid removal equipment such as a knockout drum.

IV) Gas Pressure Available

The gas pressure available for the flare is determined by hydraulic analysis of the
complete pressure relief system from the pressure relieving devices to the flare burner.
This parameter is a factor for smokeless burning design of flare. Some flare design
companies have proved that smokeless burning can be enhancedby converting as
much of the gas pressure available as possible into gas momentum. With the higher
pressure drop across the flare burner it can reduce the gas volume, which can lead to a
smaller flare header size & reduced cost and finally allows a reduction in purge gas
requirements.

V) Utility Costs and Availability

To achieve smokeless operation, it is necessary to add an assist medium to increase
the overall momentum to the smokeless burning level. The common medium is steam
which is injected into nozzles of the flare system. In order to achieve this objective,
local energy costs, availability and reliability must be taken into account in selecting the
smoke-suppression medium.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.

This document is entrusted to the recipient personally, but the copyright remains with us. It must not be copied,
reproduced or in any way communicated or made accessible to third parties without our written consent.






KLM Technology Kolmetz Handbook Page 16 of 81

Group Of Process Equipment Design
Rev: 01
__Practical Engineering FLARE KNOCK OUT DRUM
Guidelines ;c:)rhlj’tli'gﬁzssmg Plant SELECT'ON, SIZING
AND TROUBLESHOOTING
www.kimtechgroup.com Rev 1 Oct 2019

(ENGINEERING DESIGN GUIDELINES)

Other utilities are needed to be in place are purge gas and pilots. The quantity required
is depending on the size of the flare system. The purge gas requirement can be
influenced by the composition of the purge gas and/or the composition of the waste gas.
Pilot gas consumption will also be influenced by the combustion characteristics of the
waste gases.

VI) Environmental Requirements

The primary environmental requirement is the need for smokeless burning to protect the
environment from pollution, it may be necessary to inject an assist medium such as
steam in order to achieve smokeless burning. Unfortunately the injection of the steam
and the turbulence created by the mixing of steam to solve the smoke burning problem
causes the emission of sound. The sound level at inside and outside the plant boundary
is often limited by regulation.

VIl) Safety Requirements

The main safety concern for the flaring system is thermal radiation issues. The
allowable radiation from the flare flame to a given point is frequently specified based on
the owner's safety practices by following the safety regulation. Special consideration
should be given to radiation limits for flares located close to the plant boundary.

VIII) Social Requirements

Although the plant operation has complied with the environmental regulation, sometime
the outcome resulting flare system may not meet the expectations of the plant's
neighbors. Example: A smokeless flame may meet the regulatory requirements, but the
neighbors may complaint due to light and noise from flare system.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Knockout Drum

The Knock out drum is a vessel in the flare header designed to remove & accumulate
condensed and entrained liquids from the relief gases. Both the horizontal & vertical
design is a common consideration for the Knock out drum, which is determined based
on the operating parameters as well as other plant conditions. If a large liquid storage
capacity is desired and the vapour flow is high, a horizontal drum is often more
economical. Also, the pressure drop across horizontal drums is generally the lowest of
all the designs. Vertical knockout drums are typically used if the liquid load is low or
limited plot space is available. They are well suited for incorporating into the base of
the flare stack.

Knockout drums are a main component in pressure-relief systems in industries.
Pressure-relief systems in refineries are used to control vapors and liquids that are
released by pressure- relieving devices and blowdowns. A typical closed pressure-
release and flare system device includes the following:

(a) relief valves and lines from process units for collection of discharges,

(b) knockout drums that are used to separate vapors or gas and liquids, including seals
and/or purge gas for flashback protection,

(c) a flare and igniter system that combusts vapors when discharging directly to the
atmosphere is not permitted.

Knockout drums and flare systems need to be designed appropriately, because they
can cause equipment failures which can result in economic losses for business,
environmental contamination, and health and safety risks in case of excessive pressure.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Therefore, the proper relief effluent handling equipment design is required. In this paper,
the optimal design of two-phase horizontal-oriented knockout drums for oil industry
applications is addressed.

Horizontal-oriented knockout drums are often more economical when large liquid storage
is desired and the vapor flow is high. In offshore applications, refineries, and
petrochemical industries, knockout drums are designed to effectively remove hydrocarbon
liquids from the main flare relief gas to prevent the possibility of liquid carryover and
“flaming rain” from the flare tip. Knockout drums are classified as “two phase” if they
separate gas from the total liquid stream and “three phase” if they also separate the
liquid stream into its crude oil and water compo- nents.

The design of knockout drums typically is based on manual trial-and-error procedures
with widespread table lookups that require the expert application of many rules-of-
thumb. Such as knockout drum design methods provide limited tools for the designer
because of the nature of multivariable manual trial- and-error procedures. Approaches
based on simple force balance and correlations for drag force on a spherical droplet
have been also reported.

Anaya et al.,, have addressed the knockout drum design via a systematic design
procedure for a two-phase knockout drum. The authors developed a heuristic algorithm
to search out model convergence on the basis of the economical ratio of minimum
length as a function of diameter.

A parametric optimization approach to search minimizing the separator vessel
manufacturing cost is proposed. The main concept behind the proposed procedure is
based on the successive solution of a nonlinear programming (NLP) model. It is
shown that the proposed design procedure allows the robust solution for the optimal

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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design of knockout drums under a variety of different scenarios. The optimization
model and its heuristic solution algorithm are applied to determine the optimal horizontal
knockout drum design for a nominal set of design parameters.

The problem is constrained by a set of fluid dynamic and mechanical relationships
formulated from the gravity-settling theory. The application of the parametric
optimization procedure is illustrated through the solution of a case study. Also
performed is an in-depth analysis aimed to characterize liquid—gas separation in
horizontal knockout drum. For the sake of clarity in presentation, we briefly discuss
fundamentals in separator design. the optimization model, model constraints, and
objective function are presented. Followed by the application of the proposed
parametric approach for the optimal design.

Although horizontal and vertical knockout drums are available in many configurations,
the differences are mainly in how the path of the vapour is directed. The various
configurations include the following:

a) Horizontal drum with the vapour entering one end of the vessel and exiting at the top
of the opposite end (no internal baffling);

b) Vertical drum with the vapour inlet nozzle entering the vessel radially and the outlet
nozzle at the top of the vessel’s vertical axis. The inlet stream should be baffled to
direct the flow downward;

c) Vertical vessel with a tangential nozzle. Vertical centrifugal separators differ from
vertical settling drums in that the flow enters tangentially and spins around a centre
tube, which extends below the liquid inlet nozzle. The gas and liquid flow radially
downward through the annulus causing liquid droplets to coalesce along the walls and

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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collect in the bottom of the drum. The vapour changes direction once below the centre
tube and flows upward to the outlet nozzle. To avoid liquid re-entrainment, vapour
velocity has to be kept low in the turnaround section of the drum. An additional measure
to prevent liquid re-entrainment is a baffle plate below the turnaround section of the
drum. The maximum liquid level is the same as vertical settling drums;

d) Horizontal drum with the vapour entering at each end on the horizontal axis and a
centre outlet;

e) Horizontal drum with the vapour entering in the centre and exiting at each end on the
horizontal axis

f) Combination of a vertical drum in the base of the flare stack and a horizontal drum
upstream to remove the bulk of the liquid entrained in the vapour. This combination
permits the use of larger values for the numerical constant in the velocity equation.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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DEFINITION

Back Pressure- Back pressure is the sum of the superimposed and build-up back
pressures. The pressure that exists at the outlet of a pressure relief device is as a result
of the pressure in the discharge system.

Gas Blower - Device for blowing air to flare system.

Blowdown - The difference between the set pressure and the closing pressure of a
pressure relief valve, expressed as a % of the set pressure of in pressure units.

Closed Disposal System- Disposal system which is capable of containing pressure
that is different from atmospheric pressure.

Flare System — A system that safely disposing of waste gases through the use of
combustion.

Flare Stack- Is an elevated vertical stack found on oilwells or oil rigs, and in refineries,
chemical plants and landfills used for burning off unusable waste gas or flammable gas
and liquids released by pressure relief valves during unplanned over-pressuring of plant
equipment.

Flame Arrestors- A crimped ribbon aluminum or stainless steel flame cell to protect
against rapid burn backs in low-pressure situations. These passive safety device
guaranteed to prevent flame fronts from propagating back through lines, destroying
facilities, and causing injuries.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Flare Tips- Structure at top of the flare play the role to keep an optimum burn and
control over all flow rates, which results in a cleanercombustion. The design of the tip
makes sure that the tip does not come into contacting with the flame making the tips
reliable and long lasting.

Horizontal Drum - drum clamp has been designed to lift and transport drums in the
horizontal position.

Ignitions system — Is a system use to ignite the flare of flare systems. Normally this
system designed to ignite the flare quickly the first time, maintain combustion and re-
ignite rapidly to prevent industrial hazards and personal injury while protecting the
environment.

Knockout Drum — Is a drum installed near the flare base, and serves to recover liquid
hydrocarbons, prevent liquid slugs, and remove large liquid particles from the gas
streams released from relief system.

Meteorogical - Meteorological events include things like fog, rain, tornadoes, and
hurricanes. They are all caused by meteorological changes and shifts: in the
temperature, air pressure, and amount of water vapor in the atmosphere.

Open Disposal System- A disposal system that discharges directly from relief system
to atmosphere without other devices.

Overpressure- Pressure value increase more that the set point pressure of the
relieving device, expressed in percent.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Pressure Relieving System- An arrangement of a pressure-relieving device, piping
and a means of disposal intended for the safe relief, conveyance, and disposal of fluids
in a vapour, liquid, or gaseous phase. It can be consist of only one pressure relief valve
or rupture disk, either with or without discharge pipe, on a single vessel or line.

Relief Valve — A spring-loaded pressure relief valve is actuated by the static pressure
upstream of the valve. The valve opens normally in proportion to the pressure increase
over the opening pressure. A relief valve is used primarily with incompressible fluids.

Rupture Disk Device- A non reclosing differential pressure relief device actuated by
inlet static pressure and designed to function by bursting the pressure containing
rupture disk. A rupture disk device includes a rupture disk and a rupture disk holder.

Support Structure — Structure which designed to withstand local wind condition for
flares. Three types available self-supported, Guy-wire supported and Derrick supported.

Vertical Drum - drum clamp has been designed to lift and transport drums in the
vertical position.

Windbreaker - A windbreaker is structure uses to prevent the wind from extinguishing
the flames which located at flare tip. It serves also to hide the flames.

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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NOMENCLATURE

At Flare tip area, ft?
Drag coefficient (Dimensionless)
Pipe/Tip inside diameter, ft

Particle diameter, in

Heat of combustion gases, Btu/lb
Distance, in feet

C
di
D
g Acceleration due to gravity, 32.2 ft/s?
H
h
k

Ratio of specific heats (Cp/Cv)

Lt Flame length, ft

Mach Mach number at pipe outlet

M Gas molecular weight

m Mass flow rate, Ib/s

P Maximum header exit pressure, in Ib/in%g
Pj Pipe outlet pressure, in Ib/in? (absolute)
Qs Heat release, Btu/hr

qf Heat intensity (Btu/hr/ft?)

R Gas constant, 10.7 (British unit)

R Distance from the midpoint flame (ft)

T; Absolute temperature, in °R

Ud Maximum allowable vapor velocity for vertical vessel, ft/s
U, Design wind velocity

\Y Volumetric flowrate, ft3/s

W Gas flow rate, in Ib/hr

Witm Mass flow rate of steam, Ib/hr

Z Compressibility factor, dimensionless

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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Greek letters

€ Emissivity, (dimensionless)

p Sealing liquid density, in Ib/ft3
pL Density of liquid, Ib/ft3

Py Density of vapor, Ib/ft3

These design guideline are believed to be as accurate as possible, but are very general and not for specific design
cases. They were designed for engineers to do preliminary designs and process specification sheets. The final
design must always be guaranteed for the service selected by the manufacturing vendor, but these guidelines will
greatly reduce the amount of up front engineering hours that are required to develop the final design. The guidelines
are a training tool for young engineers or a resource for engineers with experience.
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